ABSTRACT In this paper, a wireless-powered cooperative multi-relay network is investigated to enhance the communication quality between two end users. Multiple intermediate relay terminals, which are off-grid and randomly spread within a certain cooperating area, attempt to decode-and-forward the source information to the destination by using the energy scavenged from the source radio-frequency signals. A power splitting architecture is adopted at each relay, where the received signal observation from the source is adaptively divided into two portions for information decoding and energy collection. Then, a single best relay (or relays), according to five different criteria, is selected to forward the decoded source signal to the destination. In view of the spatial randomness and the energy causality at the intermediate relays, stochastic geometry is applied to characterize the end-to-end outage probability of the cooperative multi-relay system considered, based on which the asymptotic outage performance in the high signal-to-noise ratio regime is analyzed. Simulation results demonstrate that with only nominally more knowledge, e.g., locations and charging status of relays, available for relay selection, the communication quality of the system can be substantially improved compared with an arbitrarily random relay selection.
I. INTRODUCTION
In order to prolong the lifetime of energy-constrained wireless networks, e.g., sensor networks [1] , a widely used option is to replace or recharge batteries for off-grid wireless devices. These options, however, could be inconvenient, costly, or even impossible in certain application scenarios. Owing to energy harvesting (EH) techniques, it is possible to scavenge energy from ambient radiofrequency (RF) signal radiations [2] - [4] , which has the potential to provide theoretically unlimited power supply to wireless devices, thus effectively enhancing the performance of wireless networks [5] - [7] .
Owing to the complex electromagnetic environment that keeps changing, the ambient RF signal radiations pose an uncertainty in the amount of the energy harvested. In order to guarantee the operability of wireless networks that requires a relatively stable power supply, dedicated RF transmitters or power beacons have been designed to achieve efficient wireless power transfer (WPT) to the desired users [8] - [10] . On this basis, with the RF signals serving as a two-fold vehicle for carrying both the information and energy, simultaneous wireless information and power transfer (SWIPT) [11] - [14] can be accomplished, which is able to significantly improve the efficiency of wireless-powered communication systems.
Depending on the interplay between the wireless energy transfer and the wireless information transfer, two main architectures have been proposed to attain SWIPT, namely time switching (TS) and power splitting (PS). For TS [15] , [16] , energy and information signals are transmitted over nonoverlapping time slots, where the data source first attempts to harvest energy from the power signal, and then uses the energy harvested to transmit the information signal [17] . In contrast, a single RF signal, being split into two parts at the receiver side for information detection and energy collection, can be used for information transfer and energy transfer simultaneously based on the PS architecture [18] , [19] . Since the RF signal serves as a shared vehicle for both information and energy, there exists an inherent trade-off between the information and energy transfers. To characterize this trade-off, the achievable rate-energy regions were investigated under different wireless energy and information transfer schemes [20] , [21] . For detecting information signal while collecting sufficient energy, a dynamic PS approach was investigated [19] , where the instantaneous channel state information (CSI) was assumed to be available. On the other hand, in order to fully utilize the harvested energy, important performance metrics such as network throughput, outage probability, and energy efficiency, have also been analyzed [22] - [26] .
In addition to the above works that mainly focus on pointto-point communications, SWIPT has also been applied to cooperative relay systems owing to its advantages in facilitating energy and information transfer in short-range, lowrate, and low-power communication networks [27] - [31] . A multi-relay network was considered in [32] , where the relays transmit information with best-effort and different relay selection strategies were investigated for maximizing the system energy efficiency. Depending on the availability of the CSI of source-relay and relay-destination channels, various relay selection and forwarding schemes were proposed in [33] . Simulation results demonstrated that with more CSI available, a better outage performance can be achieved and more energy can be collected. The impact of SWIPT on the performance of the multi-relay network was investigated in [34] , where an exact expression of the outage probability achieved by SWIPT protocol as well as its approximation in high signal-to-noise ratio (SNR) regime was obtained and compared with self-powered relay systems. In [35] , SWIPT was investigated in a cooperative network with multiple randomly located decode-and-forward (DF) relays that follow a Poisson point process (PPP). Taking into account the spatial randomness of the relay locations, stochastic geometry was used to analyze the outage probability as well as the diversity order of the system under three relay selection strategies. A similar scenario with randomly located relays was also considered in [36] , where the battery of each relay was assumed to be either fully charged or empty after the first source transmission phase. With this battery state known to the source transmitter, different relay selection schemes were proposed to select the best relay from those fully-charged relays at the end of the first source transmission phase.
Motivated by the aforementioned works, in this paper we propose using SWIPT in a dual-hop cooperative relay system consisting of multiple DF relay terminals between a data source S and its destination D. Owing to the broadcast nature of wireless channels, each intermediate relay terminal is able to extract both energy and information from the RF signal transmitted by the source. Specifically, we consider PS at each relay, where the received signal observation from the source is divided into two parts for information decoding and EH respectively. The energy collected is then stored in a battery of finite capacity for forwarding the source signal upon successfully decoding it. Then in order to exploit the benefits of multiple relays, five different relay selection schemes, according to the selection criteria like source-relay distance, relay charging status, relay-destination distance and etc., are analyzed respectively. The main contributions of this work are summarized as follows.
• A cooperative multi-relay network is considered for exploiting the spatial diversity while avoiding the transmission interruptions caused by the battery exhaustion of a single relay. Assuming that multiple off-grid relays follow a random PPP in the vicinity of the source, this spatial randomness of the relay locations results in stochastically varying distances between the source, relays, and destination, unlike most existing works where a static network topology was considered with constant source-relay-destination distances [33] , [37] .
• Employing an adaptive PS architecture, the source signal received at each relay is divided into two parts for information decoding and EH respectively according to the instantaneous CSI. If the source information can be successfully decoded while the harvested energy is sufficient to fully charge the battery of the relay, then this relay is qualified to help forward the source signal to the destination with the best-effort transmission.
• Among the five different relay selection schemes considered in this paper, a new selection scheme based on the second-hop relay-destination distance is proposed, where the closest relay to the destination is selected from those fully-charged relays. Since the first-hop and second-hop distances of the selected relay are correlated, it makes the analysis challenging. In contrast, only the first-hop source-relay distance and/or the relay charging status were considered in existing works [35] - [38] .
• In view of the spatial randomness of the relays, stochastic geometry [39] is used for analyzing the end-to-end outage performance and the asymptotic performance of the system under the considered relay selection schemes. It is demonstrated that with nominally more knowledge related to relay locations and charging status available for relay selection, significant performance improvements can be achieved over random relay selection. Furthermore, since there always exists a non-zero probability that no fully-charged relay can be found within the cooperating area, it is analytically proved that the outage probability always approaches an error floor asymptotically in the high SNR regime.
The remainder of this paper is structured as follows. Section II describes the system model, based on which five relay selection schemes are introduced. Owing to the spatial randomness of the relays, the end-to-end outage probability of the system is analyzed under different relay selection schemes in Section III. The asymptotic outage performance in the high SNR regime is also characterized in Section IV. Simulation results are presented in Section V, where performance comparisons are conducted and the impacts of various system parameters are discussed. Finally, Section VI concludes this paper. FIGURE 1. An illustration of the considered wireless-powered cooperative multi-relay communication system, where the off-grid relays are randomly located within the cooperating area to decode-and-forward (DF) the source information to the destination by using the energy harvested from the source RF signals.
II. SYSTEM MODEL
As shown in Fig. 1 , a cooperative multi-relay communication system is considered, where the direct channel between S and D is weak that can be neglected. To facilitate the information delivery from S to D, a cooperating area of radius r 0 is considered with S located at the origin, within which multiple off-grid relays are randomly located following a PPP with density λ. Then EH is performed at each relay terminal in the cooperating area to provide potential cooperation to S following a DF protocol. For ease of description, we define an index set I for the relays R i that appear in the cooperating area, where i ∈ I and |I| ∈ {0, 1, 2, · · · }. Then the probability density function (PDF) of |I| is given as Accounting for both the effects of Rayleigh fading and path-loss attenuations, the channel power gain between transmitter j and receiver k is expressed as [35] 
where d j,k denotes the corresponding distance where j ∈ {S, I}, k ∈ {I, D} and j = k, α denotes the path-loss exponent, and h j,k denotes the corresponding channel coefficient that follows a circularly symmetric complex Gaussian distribution with zero mean and unit variance, i.e., h j,k ∼ CN (0, 1). The additive white Gaussian noise (AWGN) n k is assumed at receiver k, where k ∈ {I, D}, with zero mean and variance σ 2 .
It is worth pointing out that the term 1 + d α j,k in (2) is introduced to ensure that the path-loss attenuation is always greater than one irrespective of the distance value d j,k . This channel model is practically more suitable for EH related communication scenarios, which also makes the analysis more challenging.
FIGURE 2.
Power splitting is performed at relay R i , where the received signal observation y i is adaptively divided into two parts for information decoding and EH, respectively.
A. SWIPT WITH POWER SPLITTING AT THE RELAYS
The transmission of a source signal x s is divided into two phases. In the first phase, with transmit power P s , S broadcasts x s at a pre-defined target rate R t . Then by employing the PS architecture as shown in Fig. 2 , the received signal observation from S is split into two parts at relay R i for information decoding and EH, respectively [18] , [19] . Specifically, a fraction µ i of the received signal y i , where
is used for information decoding, with the remaining fraction µ i = 1 − µ i for EH. A pessimistic case is considered where the PS reduces only the signal power, but not the noise power. Then the corresponding achievable rate of decoding x s at R i is expressed as
Then for relay R i to successfully decode x s , we have
where τ = We assume that perfect CSI of S→R i is available at the receiver side R i , which can be obtained by using typical channel estimation techniques [40] . Then with the knowledge of h s,i and other system parameters P s , R t that are inserted into the header of the source symbol, R i is able to adaptively determine a PS factor
upon the reception of the source signal. When µ * i = 1, it means that even if x s can be successfully decoded, no energy can be collected. Otherwise if µ * i < 1, then x s can be successfully decoded and at the same time there is some energy left, i.e.,
which can be collected for future use, whereμ * i = 1 − µ * i , T denotes the transmission period of a signal, and η denotes the efficiency of the EH. Since P s is sufficiently large, the energy harvested due to noise is neglected.
The harvested energy is stored in a battery with finite capacity C. To establish a clean formulation, it is assumed that the battery of a relay has to be fully charged before this relay is qualified to participate in the relaying transmission followed [36] , which occurs with a probability
If a suitable PS factor cannot be found for R i to successfully decode the source information x s , or even x s can be decoded but the energy harvested is not sufficient to fully charge the battery of R i , then R i simply stays silent. Although a similar PS scheme was considered in [35] , neither the battery capacity nor the battery charging status was involved, where the collected energy, no matter how much, can always be stored and used for the subsequent relay transmission. This, however, may not be true in practice, where sufficient energy has to be harvested before effective transmissions can be initiated, owing to the inevitable circuit power consumption [41] .
With general rechargeable batteries, the energy harvested in the current time slot can be possibly retained for future use [42] . Owing to this unlimited energy accumulation, there might exist an infinite number of battery charging status theoretically. For tractable analysis, it is assumed that there is no energy accumulation across time slots. In other words, the battery of each relay is empty at the beginning of the first phase and the energy collected in the first phase can only be used in the subsequent second phase [35] , [43] . Typical examples can be found in sensor networks where the low-power sensor node stores the harvested energy in supercapacitors instead of general rechargeable batteries [36] . On one hand, the supercapacitor has the advantages of small form factor, fast charging cycle, and years of charging and discharging cycles [44] . On the other hand, it also comes at a cost of high self-discharging [45] that the harvested energy cannot be stored sufficiently long for future use. Provided this self-discharging feature, even if a relay is not selected to forward the source information to the destination, its harvested energy may gradually drain off at the beginning of the next source signal transmission, which could be hours, days or even weeks apart depending on the specific applications.
B. RELAY SELECTION SCHEMES
In order to exploit the benefits of multiple independent relays that are randomly located within the cooperating area, next we introduce five different relay selection schemes.
1) RANDOM RELAY SELECTION (RRS)
Prior to the transmission of a source signal, S randomly selects a relay within the cooperating area [35] , e.g., R b , as its helper to forward x s to the destination D.
2) RELAY SELECTION BASED ON THE CLOSEST DISTANCE FROM S (RSC)
It is assumed that the knowledge of the locations of all relays in the cooperating area is available at S, which can be obtained through a geometry-based technique [46] by using countdown timer or GPS. Then S chooses its closest relay terminal [33] , e.g., R b , as its helper to forward x s to D.
3) RANDOM RELAY SELECTION FROM THOSE FULLY CHARGED (RRSF)
At the end of the first phase, a candidate set I c is formed by the relays that have successfully decoded the source signal and been fully charged, i.e., I c = {i|E i ≥ C, i ∈ I}, which is assumed to be known to S by using single-bit feedbacks 1 [47] . Then a relay is randomly selected from I c , e.g., R b , as the helper to forward x s to D.
4) RELAY SELECTION BASED ON THE CLOSEST DISTANCE TO D AND FULLY CHARGED (RSCF)
Assuming that the knowledge of the locations of all relays in the cooperating area is available at D, which can be obtained by using the similar mechanism as in RSC. Then from the candidate set I c , D chooses its closest relay terminal, e.g., R b , as the helper for achieving a good transmission performance on average.
For the above relay selection schemes, if a suitable PS factor µ * b can be found to successfully decode x s and at the same time fully charge the battery of R b , as given in (5)- (8), then R b transmits the decoded x s to D with best-effort where all energy stored in the batter is used for transmitting x s . The corresponding received signal at D in the second phase is thus 1 Although additional energy consumption and time interval are required for the single-bit feedbacks, the corresponding overhead is small and thus neglected to better focus on the system performance analysis under different relay selection schemes. VOLUME 5, 2017 given as
where P r =
2C
T denotes the transmit power of R b . The corresponding achievable rate of decoding x s is thus expressed as
5) DISTRIBUTED BEAMFORMING (DB)
In contrast to the above relay selection schemes where only a single relay is selected, here we consider a distributed beamforming scheme where all relays in the candidate set I c are selected to coherently transmit the decoded source signal x s to D [48] . The corresponding received signal at D at the end of the second phase is thus given as
2C
T and w i = 
III. OUTAGE PERFORMANCE ANALYSIS
In this section, we analyze the end-to-end outage performance of the wireless-powered cooperative multi-relay system under the relay selection schemes described earlier.
A. RANDOM RELAY SELECTION (RRS)
For the transmission of a source signal x s that is divided into two phases, the mutually exclusive outage events are defined as
• E 1 ={No relay is located in the cooperating area, i.e., I = ∅};
• E 2 ={At least one relay is located in the cooperating area, i.e., I = ∅, but the selected relay R b cannot be fully charged, i.e., E b < C, at the end of the first phase};
• E 3 ={At least one relay is located in the cooperating area and the selected relay R b is fully charged, but the forwarded source signal cannot be decoded by D, i.e., R b,D < R t }. Since the relay terminals follow a homogeneous PPP with density λ, the probability that there is no relay appear in the cooperating area with radius r 0 can be obtained as
For event E 2 , the corresponding probability Pr {E 2 } can be expressed as
where E[·] denotes the expectation operator. Since the relay terminals are randomly and uniformly distributed within the cooperating area that is of area π r 2 0 , by letting d S,b = r, (14) can be further derived as
where γ (a, b) = b 0 e −x x a−1 dx denotes the Gamma function [49] .
For event E 3 , the corresponding probability Pr {E 3 } can be expressed as (16) can be similarly derived in (17) , as shown at the bottom of this page.
Thus together with (13), (15) , and (17), the overall endto-end outage probability P out under the RRS scheme can be obtained by
B. RELAY SELECTION BASED ON THE CLOSEST DISTANCE FROM S (RSC)
Similar to the RRS scheme, the transmission of x s falls into an outage if one of the following events occurs.
• E 2 ={At least one relay is located in the cooperating area, i.e., I = ∅, but the closest relay R b to S fails to be fully charged, i.e., E b < C, at the end of the first phase};
• E 3 ={At least one relay is located in the cooperating area and the closest relay R b to S is fully charged, but the forwarded source signal cannot be decoded by D, i.e., R b,D < R t }. The same probability of Pr {E 1 } can be obtained as in (13) . Conditioned on the event that there is at least one relay appear within the cooperating area, i.e., I = ∅, the cumulative distribution function (CDF) for the distance d S,b between S and its closest relay R b within the cooperating area, i.e., F d S,b |I =∅ (r) where r ∈ (0, r 0 ], can be expressed as
Since the relay terminals are randomly located within the cooperating area following the PPP, Pr d S,b > r corresponds to the probability that there is no relay located within the cooperating area with radius r. Then we have Pr d S,b > r = e −λπ r 2 , and (19) can be rewritten as Thus for the selected closest relay R b to S within the cooperating area, the corresponding PDF of d S,b can be derived as
Letting d S,b = r and substituting (21) into (14), the probability of event E 2 , i.e., Pr {E 2 }, can be obtained as Similarly, substituting (21) into (16), the outage probability of event E 3 , i.e., Pr {E 3 }, can be derived in (23) , as shown at the bottom of this page.
Together with (13), (22), and (23), the overall end-to-end outage probability under the RSC scheme can be similarly obtained by P out = Pr{E 1 } + Pr{E 2 } + Pr{E 3 }.
C. RANDOM RELAY SELECTION FROM THOSE FULLY CHARGED (RRSF)
For RRSF, a relay is randomly selected from the fully-charged relay set I c , then the possible outage events are defined as
• E 1 = {There is no relay in the cooperating area that can be fully charged, i.e., I c = ∅};
• E 2 = {There is at least one relay in the cooperating area that can be fully charged, i.e., I c = ∅, but the forwarded source signal cannot be decoded by D, i.e., R b,D < R t }. Since the number of relays that appear in the cooperating area is independent of whether a relay can be fully charged or not, then the relays that are located within the cooperating area and at the same time fully charged also form a PPP [50] , with density
where (24) is obtained following (14) and (15). Then we have the probability of event E 1
Pr
Similarly, letting d S,b = r, the probability of event E 2 , i.e., Pr {E 2 }, can be derived as 
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Together with (25) and (27) , the overall end-to-end outage probability under the RRSF scheme can be obtained by P out = Pr{E 1 } + Pr{E 2 }.
D. RELAY SELECTION BASED ON THE CLOSEST DISTANCE TO D AND FULLY CHARGED (RSCF)
Similar to the RRSF scheme, the transmission of x s falls into an outage if one of the following events occurs.
• E 1 = {There is no relay in the cooperating area that can be fully charged, i.e., I c = ∅ };
• E 2 = {I c = ∅, but the forwarded source signal cannot be decoded by D, i.e., R b,D < R t }.
The same probability of event E 1 can be obtained as in (25) . On the other hand, conditioned on the event I c = ∅, by letting d b,D = r , the CDF for the distance between D and its closest fully-charged relay R b within the cooperating area, i.e., d b,D , can be obtained as
For ease of description, we draw in Fig. 3 the possible locations of the selected closest relay R b to D. Then Pr d b,D > r , I c = ∅ denotes the probability that there is no relay located in the shaded overlap region of the two circles, as illustrated in Fig. 3 . Thus (28) can be rewritten as
where
denotes the area of the overlap region of the two circles and
2 . Then from (29) and (30), the conditional PDF of d b,D can be expressed as 
Substituting (31) into (26), the probability of event E 2 , i.e. Pr {E 2 }, can be derived as Together with (25) and (32) , the overall end-to-end outage probability under the RSCF scheme can be similarly obtained by P out = Pr{E 1 } + Pr{E 2 }.
E. DISTRIBUTED BEAMFORMING (DB)
In this scheme, since all candidate relays in set I c are selected to forward the source signal to the destination coherently, the outage events are defined as
• E 2 = {I c = ∅, but the combined signal received at D cannot be recovered, i.e., R b,D < R t }. The same probability of event E 1 can be obtained as in (25) . For event E 2 where there is at least one fully-charged relay in the cooperating area, we have the corresponding
where the approximation is obtained assuming r 0 d 0 within the cooperating area, for which we have
For a group of n independent and identically distributed (i.i.d) exponential random variables with a constant parameter t, it has been proven that the sum of these random variables, denoted by z n , follows a Gamma distribution [51] , with PDF
Since
Together with (25) and (35), the overall end-to-end outage probability under the DB scheme can be similarly obtained by P out = Pr{E 1 } + Pr{E 2 }.
IV. ASYMPTOTIC PERFORMANCE ANALYSIS
In this section, we analyze the asymptotic outage performance of the wireless-powered cooperative multi-relay system in the high SNR regime. To be specific, two conditions are considered: 1) P s , P r → ∞ and lim P s ,P r →∞ P s P r → ∞; 2) P s , P r → ∞ and lim P s ,P r →∞ P s P r = β, where β is a constant finite value. Then we summarize the main result in the following theorem.
Theorem 1: For the wireless-powered cooperative multirelay system under consideration, because there always exists a non-zero probability that no relay appears in the cooperating area, the asymptotic system outage probability is lower bound by an error floor. Thus, asymptotically no diversity gain can be attained in the high SNR regime.
Proof: The detailed proof is given in the following.
A. CASE 1: WHEN P s , P r → ∞, AND lim P s ,P r →∞
Lemma 1: For the cooperative multi-relay system considered, irrespective of the specific relay selection schemes as analyzed in Section III, the asymptotic outage probability of the system in the high SNR regime, where P s , P r → ∞ and lim P s ,P r →∞ P s P r → ∞, can be obtained as 
Proof: A simple reasoning is given in the following. When P s , P r → ∞ and lim P s ,P r →∞ P s P r → ∞, we have
in (14) and λ → λ in (24), respectively. This means that all relays located within the cooperating area, if there is any, can be fully charged with a probability approaching 1. On the other hand, when P s , P r → ∞ and lim P s ,P r →∞
s in (26) , and
in (33), respectively. This means that an arbitrary fullycharged relay within the cooperating area can successfully forward the source signal to D with a probability approaching 1.
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From the above discussions, the outage comes only from the event that there is no relay located within the cooperating area of radius r 0 . Thus from (13) In the case where P s , P r → ∞ and lim P s ,P r →∞ P s P r = β, the asymptotic outage performance under each relay selection scheme is analyzed in the following.
1) RRS
Lemma 2: For the considered RRS scheme where S randomly selects a relay within the cooperating area to help forward the source signal to D, the asymptotic outage probability in the high SNR regime where P s , P r → ∞ and lim P s ,P r →∞ P s P r = β can be derived as 
(37)
Proof: When P s , P r → ∞, we haveμ * i → 1 in (7) and Pr (16) , which means that for an arbitrary fully-charged relay within the cooperating area, if there is any, it can successfully deliver the decoded source message to the destination with a probability approaching 1. Then from (13) and (14), when lim P s ,P r →∞ P s P r = β, the asymptotic outage probability under the RRS scheme can be expressed as a sum of the probabilities of E 1 and E 2 lim P s ,P r →∞, 
Thus Lemma 2 is proved.
2) RSC
Lemma 3: For the considered RSC scheme where the closest relay to S within the cooperating area is selected to help forward the source signal to D, the asymptotic outage probability in the high SNR regime where P s , P r → ∞ and Proof: Similar to the RRS scheme, when P s , P r → ∞ and lim P s ,P r →∞ P s P r = β, the probability that the destination cannot decode the received source signal, i.e., Pr{E 3 } as given in (23), approaches 0. Then from (13), (14) , and (22), the asymptotic outage probability under the RSC scheme can be expressed as 
Thus Lemma 3 is proved.
3) RRSF, RSCF, AND DB
Lemma 4: For the considered relay selection schemes of RRSF, RSCF, and DB, where a fully-charged relay (or all fully-charged relays) within the cooperating area is selected according to certain criteria, the asymptotic outage probability of the system in the high SNR regime where P s , P r → ∞ and lim P s ,P r →∞ P s P r = β can be derived as
where λ = Proof: When P s , P r → ∞ and lim P s ,P r →∞ P s P r = β, we have
in (33), respectively. This means that conditioned on the event I c = ∅, D is able to successfully decode the received source signal with a probability approaching 1. Thus the outage comes only from event E 1 where there is no fully-charged relay located within the cooperating area, i.e., I c = ∅. Then from (24) and (25), the asymptotic outage probability under the schemes of RRSF, RSCF, and DB can be expressed as lim P s ,P r →∞,
Ps
Pr =β
where λ = 
FIGURE 4.
The end-to-end outage probability P out with respect to the source transmit power P s .
V. SIMULATIONS AND DISCUSSIONS
In this section, simulation results are presented to demonstrate the outage performance of the wireless-powered cooperative multi-relay system under different relay selection schemes. For ease of illustration, we let the source transmit power P s = 40dBm, relay transmit power P r = 2C T = 0dBm where the duration of a transmission slot is normalized to T = 1, the radius of the cooperating area r 0 = 20m, the distance between S and D d 0 = 100m, the path-loss exponent α = 3, AWGN power σ 2 = −90dBm, the density of relay terminals λ = 0.005 per square meter, the energy transfer efficiency η = 0.8 and the source target transmission rate R t = 1 bit per channel use (BPCU) respectively, unless otherwise specified. For ease of comparisons, both the analytical results obtained in this paper and the Monte Carlo simulation results are demonstrated in Fig. 4-Fig. 9 , and represented by lines and markers, respectively. Fig. 4 displays the overall end-to-end outage probability of the system, i.e., P out , versus the transmit power of the source, i.e., P s , under different relay selection schemes. It is observed that with an increase in P s , an overall better outage performance of the system can be achieved. By selecting the closest relay to S within the cooperating area, it is observed that the RSC scheme achieves an obvious performance gain over the RRS scheme. This is reasonable as compared to a random selection arbitrarily, selecting the shortest relay to S results in a better signal reception on average. Likewise, by selecting the closest fully-charged relay to D within FIGURE 5. The end-to-end outage probability P out with respect to the relay transmit power P r .
FIGURE 6.
The end-to-end outage probability P out with respect to the radius r 0 of the cooperating area.
the cooperating area, it is observed that the RSCF scheme outperforms the RRSF scheme. This is because by selecting the closest relay to D leads to a better R b →D channel than a random selection from the fully-charged relays on average. Additionally, it is observed that the DB scheme outperforms all other relay selection schemes. This is reasonable as with coherent transmissions by all fully-charged relays within the cooperating area, multiple copies of the source signal can be received and combined at the destination, thus achieving a much better outage performance. Furthermore, it is observed that the outage probability under each relay selection scheme tends to approach an error floor as P s increases. More explanations will be given later in the discussions of Fig. 8 .
As shown in Fig. 5 , P out is illustrated with respect to the relay transmit power P r , where P r and the battery capacity C = TP r 2 are used interchangeably. It is observed that with an increase in C, the outage probability under each relay selection scheme first decreases and then increases. This is reasonable as for a relay with very small battery capacity, even if this relay can successfully decode the source signal and get fully charged easily, the energy stored in its battery is not sufficient to successfully deliver the source signal to the destination. Thus with an increase in C, more energy can be stored in the battery, which enables a higher decoding probability at the destination. Conversely, for a relay with unnecessarily large battery capacity, it becomes more difficult for this relay to be fully charged by the harvested energy, thus excluding it from joining the subsequent relay transmission. This, in return, will degrade the outage performance of the system. Thus in order to achieve a reasonably good outage performance for the considered cooperative multi-relay system, the battery capacity of the relays needs to be properly designed to reach a balance between the energy harvested and the probability that the relay's battery is fully charged. 6 demonstrates the impact of the radius of the cooperating area, i.e., r 0 , on the system outage probability P out . It is observed that when r 0 is very small, P out decreases with an increase in r 0 under different relay selection schemes. This is reasonable as with an increase in r 0 , more relays appear within the cooperating area on average, then the system outage performance can be improved by exploiting the benefits of multiple relays. However, it may not be beneficial to keep enlarging the cooperating area. For the RRS scheme, with an unnecessarily large cooperating area, it will probably end up with a selected relay that is far from S, which corresponds to more severe path-loss attenuations on average, thus degrading the outage performance of the system. On the other hand, even if more relays are located within the cooperating area with a greater r 0 , it does not change the distribution of the relay terminals on the 2-D plane. Thus the outage probability under the RSC scheme, where the closest relay to S within the cooperating area is selected, tends to approach an error floor as r 0 increases. Furthermore, for the RRSF scheme, with an increase in r 0 , although a fully-charged relay can be selected with a higher probability, the selected relay may have a longer distance to D. This results in a worse R b →D channel on average, which neutralizes the gains brought by greater r 0 . Fig. 7 demonstrates P out with varying values of the relay density λ. It is observed that with a greater λ, since more relays are located within the cooperating area on average, the system outage performance is similarly improved by exploiting the benefits of multiple relays. For the RSC scheme, the selected closest relay to S has a higher probability to decode the source signal while harvesting more energy than the randomly selected relay in RRS, thus achieving an obvious performance gain over RRS. On the other hand, by selecting the closest fully-charged relay to D in RSCF, since a better relay-destination channel is selected than the random selection in RRSF, a better outage performance is achieved by RSCF than RRSF. Additionally, since all fully-charged relays within the cooperating area transmit coherently in the DB scheme, again it outperforms all other schemes. Furthermore, it is observed that the system outage probability touches an error floor as λ increases (although not shown here, the outage probability of DB touches a much lower error floor). This is reasonable as for RRS, even if there are many relays located within the cooperating area, there exists a non-zero probability that a non-fully-charged relay is selected with random selection. For RSC, even the selected closest relay to S successfully decodes the source signal and gets fully charged, there exists a non-zero probability that the destination D fails to decode the forwarded source signal. Similarly, for the schemes of RRSF, RSCF, and DB, even if a fully-charged relay can be selected with a probability approaching 1, perfect transmission of R b →D cannot be guaranteed as λ increases.
For better illustrations, the asymptotic outage performance of the system in the high SNR regime is demonstrated in Fig. 8 . To reflect the condition of lim P s ,P r →∞ P s P r → ∞ in Case 1, we increase the value of P s and let lim P s ,P r →∞ P s P r = 10 8 in Fig. 8(a) . It is observed that the system outage probabilities under different relay selection schemes tend to approach the same error floor in the high SNR regime. This is consistent with Lemma 1, where the endto-end outage probability of the system is lower bounded by the probability that no relay appears in the cooperating area, as obtained in (36) .
From Fig. 8 (b) where lim P s ,P r →∞ P s P r = β = 10 4 , it is observed that the outage probabilities under different relay selection schemes tend to approach their respective error floors. By selecting the closest relay to S within the cooperating area, the RSC scheme touches a lower error floor than that of the RRS. By selecting from the fully-charged relays, the schemes of RRSF, RRS, and DB touch a lower error floor than that of the RRS and RSC. These phenomena are consistent with Lemma 2-Lemma 4, where the error floors in (37), (39) , and (41) agree well with the tendency of the outage probability curves in the high SNR regime.
For better illustrations, the system energy efficiency, which is defined as a ratio between the successfully delivered data and the transmit power consumption of the source S, i.e.,
, is also illustrated in Fig. 9 . It is observed that with an increase in P s , the overall system energy efficiency first increases, reaches a peak value, and then decreases. This is reasonable as with a higher P s , a better signal observation can be received at the intermediate relays, thus the decoding performance at the relays can be enhanced while more energy can be harvested. However, it is not beneficial to keep increasing P s . If the selected relay can be fully charged, then an unnecessarily high P s will also cause an energy waste, which in return degrades the overall energy efficiency of the system, as illustrated in Fig. 9 . Similar phenomena can be observed with varying values of R t , e.g., the energy efficiency can be effectively improved when R t is increased from 1 BPCU to 3 BPCU, whereas a degradation is experienced when R t is increased from 3 BPCU to 5 BPCU. These results reveal that the both P s and R t need to be properly designed to facilitate the information decoding and EH at the intermediate relays, while maintaining a reasonable energy efficiency. Furthermore, with only a bit more knowledge available for relay selection, e.g., the locations of relays and the charging status, it is observed that a significant performance gain is achieved over the random selection in RRS.
VI. CONCLUSIONS
In this paper, we considered a wireless-powered cooperative network where multiple relays are randomly located within a cooperating area to DF the source information by using the energy harvested from the source RF signals. By employing a power splitting architecture at each relay, the received source signal is adaptively divided into two parts for joint information processing and energy harvesting. Then based on different criteria, namely the source-relay distance, the charging status of relays and the relay-destination distance, five relay selection schemes were investigated for exploiting the benefits of multiple relays. Subject to the energy causality constraint, the outage probabilities of the system under these relay selection schemes were characterized by using stochastic geometry. It was analytically proven that although large benefits can be obtained by deploying multiple relays, no diversity gain is achieved in the high SNR regime. As possible extensions, the circuit power consumption as well as the energy accumulation across different signal transmissions will be investigated in future. 
